


NOTICE 


The invention disclosed in this document resulted from 
research in aeronautical and apaco activities performed under 
programs of the National Aeronautics and Space Administration. 
The invention is owned by NASA and is therefore available for 
licensing in accordance with the NASA Patent Licensing Regu- 
lation (14 Code of Federal Regulations 1245.200). 

To encourage commercial utilization of NASA-owned inven- 
tions, it is NASA policy to grant nonexclusive, royalty-free, 
revocable licenses to any company or individual desiring to use 
the invention while the patent application is pending in the U. S. 
Patent Office and within a specified period, presently two years', 
after issuance of the patent to NASA. If commercial use of the 
invention does not occur during this period, NASA may grant a 
limited exclusive, royalty-free license thereby adding an incen- 
tive to further encourage commercial development. Any company 
desiring to make, use, or sell this invention is encouraged to 
obtain a royalty-free license from NASA. 

Address inquiries and all requests for licenses to Assistant 
General Counsel for Patent Matters, Code GP-1, National 
Aeronautics and Space Administration, Washington DC 20546. 
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METHOD AND APPARATUS FOR ELIMINATING COHERENT NOISE IN A 
COHERENT ENERGY IMAGING SYSTEM WITHOUT DESTROYING SPATIAL 

COHERENCE 


The invention generally relates to energy imaging 
systems and particularly concerns a technique whereby 
coherent noise associated with coherent energy systems 
such as optical light imaging systems can be eliminated. 

In the preferred inventive embodiment such as de- 
picted in Figure 1, the invention comprises the improvement 
in a coherent energy imaging system having a source of co- 
herent light 10, an input signal plane 12, an output image 
plane 18, and at least one image lens 14 disposed between 
the planes, wherein means are provided to effect rotation 
of the lens 14 about its optical axis 20 during exposure. 

As illustrated, such rotation effecting means may comprise 
a motor -driven lens mounting journalled for rotation. 

Other means for effecting relative movement between the 
lens and the input and output planes may be utilized. 

The instant invention serves to minimize and essen- 
tially eliminate undesirable coherent noise diffraction 
patterns in the output image plane such as would be caused 
by bubbles, dust, and defects in and/or on the lens, by 
distributing the energy density of the coherent diffraction 
patterns over an area of the output image plane such that 
it can be ignored, and with relatively little, if any, 
image degradation as a result. It should be appreciated 
that the instant invention has applicability to other forms 
of coherent energy imaging systems. 
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I| TO ALL, WHOM IT MAY 'CONCERN: 

BE IT KNOWN THAT I, ARNOLD R. SHULMAN, a citizen of 
the United States of America and a resident of the State of 
| Maryland, have invented certain new; and useful improvements in 
METHOD AND APPARATUS FOR ELIMINATING COHERENT NOISE IN A 
COHERENT ENERGY IMAGING SYSTEM WITHOUT DESTROYING SPATIAL COHER- 
ENCE of which the following is a specification: 
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ABSTRACT OF THE DISCLOSURE 

A method and apparatus is disclosed for substantially 
eliminating coherent noise in a coherent energy imaging system 
and specifically in a light imaging system of the type having a 

I coherent light source and at least one image lens disposed between 

| 

| an input signal plane and an output image plane. In the pre- 

I 

f erred embodiment thereof, the invention contemplates illuminat- 
ing the input signal plane with the light source, and during the 
exposure, rotating the lens about its optical axis. In this 
manner, the e'nergy density of coherent ndise diffraction patterns 
as produced by imperfections such as dust and/or bubbles on and/ 
or in the lens is distributed over a ring-shaped area of the out- 
put image plane and is reduced to a point wherein it can be 
ignored. Importantly, the spatial filtering capability of the 
coherent imaging system is not affected by this noise elimination 
technique. 
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ORIGIN OF THE INVENTION 

The invention described herein was made by an employee 
of the United States Government and may be manufactured and used 
by or for the Government for governmental purposes without the 

J 

j| payment of any royalties thereon or therefore. 
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! BACKGROUND OF THE INVENTION 

i 

This invention generally relates to energy imaging 

I 

systems and particularly concerns a technique whereby coherent 
noise associated with coherent energy systems such as optical 
light imaging systems can.be eliminated. 

Energy imaging systems in general, such as optical 
processing interfaces, are part of a rapidly advancing and impor- 
tant technology. Optical data processing, for example, has found 
widespread use since it permits, with only a relatively simple 
configuration of lenses and peripheral apparatus, the implementa- 
tion of mathematical functions such as multiplication, Fourier 
transformation, correlation, and convolution. The primary advan- 
tages of such optical data processing systems lies in their speed 
and simplicity in performing various computations and such 

V 

systems can be conceived of as analog methods of computation 
which permit, for example, a two dimensional Fourier transform to 
be obtained instantaneously, visibly, and without complex program- 
ming or equipment. 

From a structural viewpoint, a typical optical imaging 
system utilizes a coherent light source, an input or signal plane, 
j an imaging or transformation lens, and an image or spectral plane. 
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all through which light passes and is operated upon. For example, 
if the input signal plane is provided with a transmission function 
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i thereon and then illuminated with a uniformly coherent light 

i 

| source, the transmission function or spectral content thereof 

I 

j will be reproduced through the lens- at the output image plane. 

i 

I This output image can be spectrally filtered through the provision 

} 

j 

j of optical filtering mechanisms which may be disposed between the 

j lens and the output image plane, this filtering operation being 

I • 

! simple and requiring, only blocking of the light at points corres- 

I 

J ponding to unwanted frequencies. By. such suitable filtering, the 
spectral distribution corresponding to the spectral content of 
the input signal can easily be modified in both phase as well as 
in amplitude and it is therefore possible to enhance various 
types of degraded images by such filtering. Optical filtering 
therefore can eliminate undesirable elements in an image or 
enhance others, and degraded images of various types can be 
filtered to improve image definition and contrast. Additionally, 
certain blurs and defocusing effects in the image can likewise 
be filtered. 

! 

! . 

I Such optical imaging systems or optical data processing 

i 

! apparatus are not, however, entirely trouble-free. For example, 

| 

i optical imaging systems utilizing coherent light, as well as 

1 • ■ . • 

J imaging systems utilizing other forms of coherent electromagnetic 
and other energy, often introduce objectionable noise into the 
output image plane. Dust and bubbles both on and in the lenses 
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so utilized cause most of the noise in the output image, this 
noise degrading the image and usually appearing as bull's-eye 
diffraction patterns therein. It is, of course, desirable to 
remove this -objectionable coherent noise. Yet, the prior art 
approaches have met. with limited success. Importantly, not only 
must the objectionable coherent noise be eliminated, but it must 
be done in a fashion wherein the spatial coherence of the light 
or energy is not destroyed and wherein spatial filtering of the 
input plane is still permitted. 

SUMMARY OF THE INVENTION: 


It is thus a primary object of the instant invention 
to provide both the technique and the apparatus for substantially 
eliminating coherent noise in a coherent energy imaging system of 
the types described in a manner wherein the spatial coherence of 
the energy is not destroyed and wherein spatial filtering of the. 
input plane is still permitted. 

More specifically, it is an object of the instant 
invention to provide a technique and apparatus by which the de- 
grading affects of dust, bubbles, and other imperfections on and 
in lenses within an optical imaging system utilizing coherent 
light, for example, are minimized. 

It is still another object of the instant invention to 
provide such a noise eliminating technique and apparatus therefor 
which is extremely simple in design and economical in cost. 
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These objects as well as others which will become 
apparent as the description proceeds are implemented by the in- 
stant invention which, as aforestated, contemplates the provision 
of a novel method of eliminating coherent noise in a coherent 
energy imaging system and particularly in a coherent light imagine) 
system of the type utilizing a coherent light source and at least 
one image lens disposed between an input signal plane and an out- 
put image plane. Conceptually and in a system as above- 
described, the invention contemplates to effect relative and 
10 || synchronized movement such as rotation between the input and out- 
put planes, on the one hand, and the imaging lens on the other 
hand, during each exposure of the input plane by the light source.) 
Importantly, the relative rotation is effected about the optical 
axis of the lens and, as will be explained hereinbelow, the 
15 || objectionable coherent noise is substantially eliminated in this 
simple matter, without destroying spatial coherence. 

In a preferred emobidment, the image lens itself is 
rotated about its optical axis during exposure of the input plane ,j 
the rotation preferably, though not necessarily, being through at 
20 || least one complete revolution of the lens during each exposure. 

In yet another preferred inventive embodiment, the imaging lens 
is continuously rotated at constant speed during and between each 
exposure, thus providing the advantages of more stable operation. 

In operational effect, this novel technique serves to 
25 || minimize the undesirable coherent noise diffraction patterns in 
the output image plane of the system, which diffraction patterns 
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are produced by imperfections on and/or in the lens, by distrib- 
uting the energy density of the coherent noise diffraction pattern 
over an area of the- output image plane such that it can be ignored), 
and with relatively little, if any, image degradation as a result. 

BRIEF DESCRIPTION OF -THE DRAWINGS 
The invention itself will be better understood and 
additional objects, features and advantages thereof will be 
apparent from the following detailed description of a preferred 
inventive embodiment, this description referring to the appended 
10 1! single sheet of drawing wherein: 

Figure 1 is a perspective view of a coherent optical 
imaging system typical of that to which the instant invention 
relates, illustrating the novel inventive technique of effecting 
rotation of the imaging lens during each exposure; 

15 || Figure 2 is a pictorial illustration displaying 

coherent . noise produced at the output image plane by imperfections! 
on and/or in the imaging lens; and 

Figure 3 is a schematic representation of the con- 
ceptual manner in which rotation of the lens in accordance with 

20 j| the instant invention serves to minimize undesirable coherent 

II 

noise by distributing the energy density thereof over a wide area 
of the output-image plane. 

DETAILED DESCRIPTION OF A PREFERRED INVENTIVE EMBODIMENT 

Referring initially to Figure 1 of the appended draw- 
25 I! ings, an exemplary single lens coherent optical imaging system, is 
depicted. Such a system could, for example, form an optical 
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q = image distance, i.e. the distance from the lens 
14 to the image of the point source 10. 

Likewise, the location of the image output plane 18 of 

| the signal in the input plane 12 can be found from the lens 

\ 

! equation 

I . 1 = 1 + 1 

! f' p' q' 

j | 

I where 


10 


15 


20 


f = focal length of the imaging lens 14; 
p' = the distance from the input signal plane -12 to 
the lens 14? 

t 

q' = distance from the lens 14 to the output image 

plane 18. - 

The above-described single lens coherent optical 
imaging system permits spatial filtering of a signal in plane 12 
whose spectrum prior to filtering and imaging appears in plane 
16 and produces an image of the signal in plane 12 at the output 
plane 18. Yet, this single lens coherent optical imaging system 
j is only exemplary of the environment to which the instant 

j invention relates as other optical imaging systems having one or 

! - 

jjmore lenses could be utilized, such as optical filters, optical 

i i 
1 1 

j correlators, channelized optical correlators, and the like, 
j Additionally, while the input light source 10 has been illustrated 
as comprising a point source of coherent light, other types of 

energy sources could also be utilized such as a source of coherent 

, / 

light which generates a collimated beam, the wave forms of which 
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are in a plane rather than in a spherical wave in the case of a 
point source. The preferred inventive embodiment contemplates . 
the utilization of a laser source though it should be understood 
that a mercury arc source of light with suitable filtering could 
likewise be utilized or, in fact, any source energy or radiation 
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|J exhibiting temporal coherence providing a monochromatic beam, 

; 

with some spatial coherence. Furthermore, it has been found that 

i t 
i 

in some astronomical imaging systems, a non-coherent light source 
might also be used to advantage. 

* 

• * . - 

Proceeding with the description and with attention now 

j 

directed to Figure 2 of the appended drawings, a typical output 
image display such as would appear at the output image plane 18 
through illumination of the light source 10 is shown. As should 
be noted, coherent noise exists in this output image, this co- 
herent noise being depicted as a plurality of small bull's-eye 
patterns 22 distributed over the image. These undesirable noise 
patterns are primarily caused by dust and dirt on the lens 14 
surfaces, bubbles in the lens, or other imperfections on the lens 
surfaces. Quite obviously, these noise patterns highly degrade 
the output image and adversely affect the operation of the 
optical imaging system. In an effort to reduce these undesirable 
noise patterns to a minimum, prior art approaches in this area 

> i 

concentrated on a careful selection of the lenses utilized in the 
optical imaging system such that there was a minimum of bubbles 
and defects in the glass. Additionally, with prior art systems, 
the glass surfaces of the lenses had to be kept extremely clean 
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even to the point of placing the entire optical imaging system 
in a vacuum. Of course, such careful selection of lenses is an 
expensive undertaking and still is not completely satisfactory 
since even the most minute defect in a lens is greatly exaggerated 
in coherent light. Additionally, placing an entire optical 
system in a vacuum makes working conditions quite difficult and . 




markedly increases the associated expense, 
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25 


Applicant has found, however, that these undesirable 
noise patterns in the output image plane of an optical imaging 
system can be substantially eliminated by the simple and highly 
j novel technique of rotating the imaging lens 14 about its optical 
axis 20 during exposure, i.e. illumination of the input signal 
plane 12 by the light source 10. In effect, by so rotating the 
lens during exposure, any coherent noise developed by lens 
"imperfections" as above-discussed is distributed over a large 
area of the output image plane and thus reduced to such a level 
as to render it negligable. As should be readily apparent, the 
advantages of this simple technique of eliminating coherent noise 
are many-fold in that selection of lenses utilized in the optical 

| imaging svstem is simplified, the so-called "clean room" 

| 

j requirements are reduced, and low noise coherent images can now 
| be created utilizing realatively low cost equipment. 

The conceptual technique by which the instant invention) 
operates and. an illustration of the efficacy of the invention can 
be found by reference to Figure 3 of the inventive sheet of 
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drawings wherein the iinage output plane 18 of the system of 
Figure 1 is again schematically represented. The point at which 
the optical axis 20- of the exemplary imaging system of Figure 1 
intercepts this image plane is labelled 0. As explained above, 

| 

5 ; any minute dust particle or other imperfection on/or in the lens 

j 

i 14 will cause a bull's-eye diffraction pattern such as 22 in this 

i 

l 

I 

j image plane. Conceptually, a small area dA of the noise 
diffraction pattern in this image plane can be considered and the 
light energy during exposure incident on this small area dA can . 

i • _ • 

10 be defined as E. This is the coherent noise energy and, of course, 
this noise must be minimized to avoid image degradation. The 
noise energy density for this small area dA of the output image 

, plane can be written: 


15 where 


Noise energy density (No lens rotation) = I = E_, 

dA 


dA - dr. 


By rotating the lens 14 about the optical axis 20, this noise 
energy can be distributed over the area of a ring produced by 
rotating the area dA, i.e. instead of the noise energy striking 
20 only the area dA, this noise energy can be distributed over the 


S larger ring area: 


CM |! 

i| 


A - r2) = (r 2 + r^) (r 2 - r ^ . 


^From the geometry of the concentric circles of Figure 3, it is 
[apparent that 


r 2 ‘ r i = dr 
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and 

r„ + r = 2r + dr. 

2 11 

Using these relationships the expression for the area can be - 


written 


A (r _ + r ) (r. - r_) 


2 i' 2 !' 

A = (2r^ + dr) dr = 2 < ^Tr^dr + ^frdr^. 

Since dr is very small, the term dr^ can be dropped, giving 

A = 2 TT rdr . 


of area 


The original energy E is then distributed over a ring 


A = 2 *"Tfrdr. 


The noise energy density for this ring area can be written 
Noise energy density (with lens rotation) = I • = 


2 'Jf rdr 

The ratio of the energy density for the lens 14 rotating and not 
rotating is 

- Jldr = jP 


I • = 2lYrdr = 

I 


■C. 

dA 


dA 

2 Tf rdr 2^Xrdr 2 Hfr 


From this it is clear that when 

r X , I’ = 1 * 1 

I 21^6 

rwJL I /*/ 1 . 

3 1^ 2 

If JL is considered as roughly the diameter of the noise spot in 
the image plane and r as its distance from the optical axis, then 
unless the noise spot is on the optical axis (or extremely close 
to it) , its energy will be distributed such that it can be ignored 
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By selection of lenses it is possible to keep the noise minimized 
by assuring that the bubbles, dust, and lens defects are not on or 
near the optical axis. 

Expressing the above mathematical development in words, 
the instant invention serves to minimize and essentially elimi- 
| nate undesirable coherent noise diffraction patterns in the out- 
put image plane by distributing the energy density of the co- 
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herent noise diffraction patterns over an area such as a ring- 
shaped area of the output image plane during exposure by the 
technique of rotating the lens about .its optical axis. 

While the preferred embodiment of the instant invention 
has been described as being such that the exemplary lens 14 is 
itself rotated about its optical axis during exposure, from a 
more general point of view and consistent with the invention, the 
noise in the light imaging plane can essentially be eliminated by 
effecting relative and synchronized movement such as rotation 
between 1) the input and output planes 12 and 18, respectively, 
and 2) the lens 14, about the optical axis of the lens during the 
exposure. Specifically, instead of rotating the lens during the 
exposure and maintaining stationary the input and output planes 
as is the case in the preferred inventive embodiment, the lens 
itself might remain stationary and the input and output planes 
may be synchronously rotated about the optical axis of the lens 
j during each exposure. 

Importantly, it has been found through tests utilizing 
high frequency Ronchi rulings, that the technique of the instant 
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invention whereby coherent noise is eliminated by rotating the 
lens, for example, does not affect the spatial filtering capabil- 
ity of the coherent ' imaging system. In this environment, this is 
an extremely important advantage and the reason for this capabil- 

I 

j ity of the invention is that the coherent noise diffraction 

patterns are only significant in the output image plane 18 of 

j 

j the system shown in Figure 1, and not in the spectrum or filtering 

i 

i 

I plane 16, but the image of the spectrum in plane 16 remains 


!j stationary during lens rotation. 


10 I With the technique of the instant invention now firmly 

i 

in mind, attention is once again directed to Figure 1 of the 

i 

appended drawing wherein an exemplary apparatus effecting rotat-, 
ing of the lens is schematically illustrated. Since the tech- 
nique of the instant invention, in the preferred embodiment 
15 thereof, requires the lens to be rotated about its optical axis 

during exposure so as to eliminate the noise diffraction patterns 
caused by "imperfections" in and/or on the lens, care must be 
taken to assure that the lens rotation is about its optical axis. 
Thus, proper selection must be made of a rotatable lens mount, for 
20 example, such that the axis of symmetry of the lens mount and the 
optical axis of the lens coincides. In this respect, and as an 
example, the lens 14 can be disposed in a lens mount 24, which 
mount is itself rotatably disposed and journaled in a housing 26 
i by bearing means 28 such as Fafnir bearings or other suitable 
25 devices. A motor 30, such as an electric motor having a shaft 
32 coupled to a drive wheel 34, is provided for effecting 
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rotation of the lens 14, mechanical coupling being provided 
between the drive wheel 34 and the lens mount 24 by means of a 
flexible belt 36, for example. Thus, when the motor means 30 

i 

operates, lens v 14 will be rotated in the direction of the arrow 

j 38. As shouldbe appreciated, the specific configuration of the 

i 

j mechanical, apparatus above-described can be varied by one skilled 
in the art, as the prime requirement in the preferred embodiment 

i 

is a means to effect rotation of the lens about its optical axis 
! during exposure. 

Continuing and referring once again to: Figure 3, it 
has been seen that rotation of the lens 14 serves to distribute 
the energy density* of the noise defraction pattern over a ring- 
shaped area of the output image plane so as to effectively 
eliminate the undesirable affects of the noise. An optimum . 

I 

minimization may occur for example, when during each system 

I 

exposure wherein the light source 10. illuminates the input signal 
plane 12, the lens 14 effects one complete revolution, as can be 
appreciated from a review of the mathematical derrivations of 
: Figure 3 herein above. Thus, the inventive system may operate, 

it , # 

j though not necessarily operate, such that the lens 14 is inter- 

i 

! mittently rotated through one complete revolution every time a 

system exposure .occurs. Alternatively, it has been found that 

advantages can be obtained when the lens is continuously rotated 
I • •' 

at constant speed about its optical axis, even between system 

exposures. Such continuous rotation provides additional system 

stability due to the gyroscopic affect of constant lens rotation. 
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